A series of recombinant viruses were constructed using infectious cDNA clones of the virulent J1'73 (large plaque phenotype) and the avirulent H/3'76 (small plaque phenotype) strains of swine vesicular disease virus to identify the genetic determinants of pathogenicity and plaque phenotype. Both traits could be mapped to the region between nucleotides (nt) 2233 and 3368 corresponding to the C terminus of VP3, the whole of VP1, and the N terminus of 2A. In this region, there are eight nucleotide differences leading to amino acid changes between the J1'73 and the H/3'76 strains. Site-directed mutagenesis of individual nucleotides from the virulent to the avirulent genotype and vice versa indicated that A at nt 2832, encoding glycine at VP1-132, and G at nt 3355, encoding arginine at 2A PRO -20, correlated with a large-plaque phenotype and virulence in pigs, irrespective of the origin of the remainder of the genome. Of these two sites, 2A PRO -20 appeared to be the dominant determinant for the large-plaque phenotype but further studies are required to elucidate their relative importance for virulence in pigs.
Swine vesicular disease (SVD) was first observed in Italy in 1966 (37) . It is an infectious disease of pigs characterized by the appearance of vesicles on the coronary bands of the feet, on the legs, and less commonly on the snout and tongue. SVD is classified as a List A disease by the Office International des Epizooties (OIE) because the lesions produced by SVD virus (SVDV) are indistinguishable from those caused by foot-andmouth disease virus. With the exception of Italy, SVD was eliminated from Europe during the 1970s and 1980s by eradication campaigns in those countries in which the disease occurred. However, during the early 1990s, the incidence of SVD increased in Europe. Outbreaks continue to occur in Italy, and the disease is thought still to be present in China, Hong Kong, and possibly other countries in Asia. Once introduced, SVD can be a difficult disease to eradicate and control is vital in countries which are free of the vesicular diseases of swine, i.e., foot-and-mouth disease, SVD and vesicular stomatitis.
SVDV, a member of the genus Enterovirus within the family Picornaviridae, contains a single-strand RNA genome of positive sense surrounded by a protein capsid comprising four proteins: VP1, VP2, VP3, and VP4. The RNA genome is composed of approximately 7,400 nucleotides (nt) (13, 14, 46) and contains 5Ј and 3Ј noncoding regions (5Ј and 3Ј-NCR). SVDV is antigenically related to the human enterovirus coxsackievirus B5 (CVB5) (6, 11) , but the two viruses can be distinguished by cross-neutralization and immunodiffusion tests (6, 7) . Recently, the antigenic sites on the capsid proteins of SVDV were identified (19) by using monoclonal antibodies and neutralization-resistant mutant viruses. The locations of these sites on SVDV are similar to those of poliovirus (PV).
Since the first construction of an infectious clone for PV by
Racaniello and Baltimore (41) , several full-length infectious cDNA clones have been constructed of other picornaviruses (9, 17, 21) . These infectious clones have been used as valuable tools for analyzing the genomic determinants of pathogenicity and for the development of recombinant vaccines (23, 25, 38, 44, 50, 51) . In poliovirus, each of the three Sabin strains has a major site of attenuation located in the 5Ј-NCR within the internal ribosome entry site (IRES) (20, 31, 33, 40, 51) . In addition, other major sites in the coding region of the capsid proteins were also identified as virulence determinants in three serotypes of PV (4, 45, 48, 51) . In coxsackievirus, a pancreovirulent CVB4 and avirulent CVB4 strain were used to map the genetic determinants for murine pancreovirulence to Thr-129 of VP1 (8) and, to a lesser extent, Arg-16 of VP4 (42) . Likewise, cardiovirulence in CVB3 is linked to nt 234 in the 5Ј-NCR (50). For picornaviruses, there is some correlation between virulence and plaque size. Generally, large-plaque phenotypes are more virulent than small-plaque phenotypes. For example, small plaque size can be used to differentiate attenuated poliovirus vaccine strains from virulent strains (36) , and some reports have described a correlation between virulence and plaque size for coxsackieviruses (43, 52) . Likewise for SVDV, the virulent J1'73 strain shows a large plaque phenotype, while the avirulent H/3'76 strain shows a small-plaque phenotype on IBRS-2 cells (18) . There are a total of 78 differences in the nucleotide sequence between the virulent and avirulent strains of SVDV (14) . Of these 78 nucleotide substitutions, 10 are found in the 5Ј noncoding region, 22 result in amino acid changes in the coding region, and 46 are silent. Infectious cDNA clones of the virulent J1'73 strain and the avirulent H/3'76 strain have been generated, and the characteristics of the recovered viruses have been shown to be the same as the respective parental strain (18) . In the study reported here, the determinants of pathogenicity in the genome of SVDV were mapped, and their relationship to plaque size was investigated by the generation of chimeric and site-directed mutant viruses between the cDNA clones of the virulent and avirulent strains.
MATERIALS AND METHODS
Construction of recombinant viruses. Full-length infectious cDNA clones of the avirulent SVDV H/3'76 genome, pSVLS00 (15) , and the virulent SVDV J1'73 genome, pSVLSJ1, were prepared (18) and used for the construction of recombinant cDNAs. A series of recombinants were prepared by exchanging the corresponding DNA fragments digested with several restriction enzymes, SacI (nt 748), Bst1107I (nt 2233), and BssHII (nt 3368) (Fig. 1) . All infectious cDNA constructs were verified by restriction endonuclease mapping. DNA transfection was performed as described by Kanno et al. (18) . Cos7 cells at between 10 and 30% confluence were transfected by using the CellPhect transfection kit (Pharmacia Biotech, Uppsala, Sweden) as recommended by the manufacturer, and the culture was incubated at 37°C for 5 days. The supernatant fluid was then transferred to a monolayer of IBRS-2 cells and incubated until a distinct cytopathic effect was observed.
Site-directed mutagenesis. Site-directed mutagenesis in the Bst1107I (2233)-BssHII (3368) region was performed by subcloning the region into the plasmid M13 and using the Mutagene kit (Bio-Rad). After sequence analysis, mutated Bst1107I-BssHII fragments were reintegrated into infectious clones of pSVLSJ1 or pSVLS00. Viruses were recovered after transfection of Cos7 cells as described above, and mutated sites were verified by sequencing.
Plaque morphology. The recovered viruses vSVLSJ1 and vSVLS00, 6 recombinant viruses (vSVLS5'J1, vSVLS5'00, vSVLSP1J1, vSVLSP100, vSVLS1CD2AJ1, and vSVLS1CD2A00), and 18 site-directed mutant viruses (Fig. 2) were inoculated onto IBRS-2 cell monolayers, and the cells were overlaid with agar after adsorption. After 2 days at 37°C, the monolayers were fixed with 10% formalin and stained with crystal violet to visualize plaques.
One-step growth. One-step growth curves for the viruses vSVLSJ1, vSVLS00, vSVLS104/201MJ1, and vSVLS104/201M00 were performed on IBRS-2 cells with a multiplicity of infection of 10 for each virus, as previously described (18) . The culture supernatant was harvested at various times after inoculation, and the virus titer was determined by standard plaque assay.
Experimental infection of pigs. The six recombinant viruses vSVLS5'J1, vSVLS5'00, vSVLSP1J1, vSVLSP100, vSVLS1CD2AJ1, and vSVLS1CD2A00 and the site-directed mutant viruses, vSVLS104/201MJ1 and vSVLS104/201M00 were inoculated into pigs to examine the pathogenicity of each virus. For virulence controls, pigs were also inoculated with the parental viruses vSVLSJ1 and vSVLS00. A total of 50 conventionally raised pigs were used that were seronegative for antibody to SVDV prior to infection. On the first day of the experiment, pigs were inoculated with 10 8 50% tissue culture infective doses (TCID 50 ) of the respective virus in 1 ml of tissue culture fluid (see Table 2 for details) by intradermal inoculation into the bulb of the heel of the right foreleg. After inoculation, pigs were observed for the appearance of clinical signs, and their rectal temperatures were measured daily. The severity of clinical signs was scored as described by Kanno et al. (18) by using the lesion scoring system of Mann (32) , in which a pig with severe lesions at all predilection sites, i.e., coronary band, heel, supernumerary digit, leg, tongue, and snout, has a score of 100. Serum was collected periodically throughout the experiment and examined for SVDV-specific neutralizing antibody by the virus neutralization test as previously described (18) .
Sequencing of viruses isolated from pigs. SVDVs or viral RNA were recovered from each group of pigs. Where lesions were present, a clarified suspension of homogenized epithelium was inoculated onto IBRS-2 cell monolayers. In the case of subclinical infection, viruses were isolated from feces or tonsillar swabs by using standard techniques. Sequencing was determined for the 5Ј-NCR for viruses isolated from pigs infected with vSVLS5'J1 and vSVLS5'00 and for the 1D-2A region for viruses isolated from all other groups. Reverse transcriptase PCR was performed with primers appropriate to the region of interest (5), and the sequence of the PCR product was determined by using the Fmol Sequencing Kit (Promega, Madison, Wis.) kit according to the manufacturer's instructions.
RESULTS
Construction of recombinant viruses and determination of their plaque phenotype. Recombinant SVDVs, constructed by exchanging corresponding genomic regions between the virulent J1'73 and avirulent H/3'76 strain cDNAs (pSVLSJ1 and pSVLS00), were used to map the determinants for plaque size and virus pathogenicity ( Fig. 1 and see Table 2 ). Substitution of the 5Ј-NCRs between the virulent and avirulent strains had no effect on plaque size (Fig. 1) . The chimera comprising the first 748 nt, 743 nt of the 5Ј-NCR, and the first 5 nt of VP4 of the virulent strain attached to the remainder of the genome of avirulent strain (vSVLS5'J1) retained the small-plaque pheno-FIG. 1. Construction and plaque phenotype of recombinant and mutant viruses. At the top of the figure is a genetic map of SVDV genomic RNA. The viruses, vSVLSJ1 (black box) and vSVLS00 (white box), were recovered from infectious cDNAs of the virulent J1'73 strain and the avirulent H/3'76 strain, respectively. Recombinant clones were constructed by using the restriction sites shown. The name of each virus is shown on the left, and its plaque phenotype is shown on the right. type of the avirulent parental strain. Conversely, when the first 748 nt of the virulent strain were replaced with those of the avirulent strain (vSVLS5'00), no reduction in plaque size was observed compared to the parental virulent strain. Substitution of almost the entire P1 region, together with the first 71 nt of 2A, resulted in exchange of plaque phenotype. Chimera vSVLSP1J1, which was constructed by replacing the region between nt 748 and 3368 of the avirulent strain with the corresponding region of the virulent strain, changed the plaque phenotype from small to large. Correspondingly, substituting the same region of the virulent strain with that of the avirulent strain changed the plaque phenotype from large to small (vSVLSP100). It was possible to identify more precisely that the region responsible for plaque phenotype was the 1C/1D/2A region by exchanging the section of the genome spanning nt 2233 to 3368 between the virulent and avirulent strains (Fig. 1) . Substitution of this region of the avirulent strain with that of the virulent strain conferred a large-plaque phenotype (vSVLS1CD2AJ1), and replacement of this region in the virulent strain by the corresponding region of the avirulent strain altered the plaque phenotype from large to small (vSVLS1CD2A00).
Identification of amino acids responsible for plaque phenotype by site-directed mutagenesis. vSVLSJ1 differs from vSVLS00 by 15 nt between nt 2233 and 3368 in the 1D/1C/2A region. Of these, eight result in amino acid changes: one in VP3, six in VP1, and one in 2A (Table 1) . To map more precisely the determinants of plaque size, mutant viruses were produced by site-directed mutagenesis in which single-amino-FIG. 2. Schematic representation of site-directed mutant viruses and their respective plaque phenotypes. In the Bst1107I-BssHII (nt 2233 to 3368) region, which corresponds to the C terminus of VP3, the whole of VP1, and the N terminus of 2A, there are eight nucleotide differences leading to amino acid changes between vSVLSJ1 and vSVLS00. Site-directed mutagenesis in this region was performed by subcloning into the plasmid M13 and by using the Mutagene Kit (Bio-Rad). L, large-plaque phenotype; S, small-plaque phenotype; M, intermediate phenotype. acid substitutions were made that changed the residue from that found in the virulent strain to that of the avirulent strain and vice versa (Fig. 2) . For mutants derived from the avirulent strain, single changes at nt 2842, substituting A for G corresponding to Gln for Arg (vSVLS104MJ1), or at nt 3355, substituting G for T corresponding to Arg for Ile (vSVLS201MJ1), resulted in some increase in plaque size compared to the parental avirulent strain ( Fig. 2 and 3) . A virus mutated at both these sites, vSVLS104/201MJ1 showed the same large-plaque phenotype as the vSVLSJ1 virulent strain (Fig. 1, 2, and 3 ). For the corresponding single mutants derived from the virulent strain, only a substitution from G to T at nt 3355, corresponding to an Arg-to-Ile change within the 2A protease (vSVLS201M00), resulted in a change to a small-plaque phenotype ( Fig. 2 and   3 ). The plaque phenotype was unchanged in other single-site mutants (Fig. 2) . A double mutant changed at both the 104M and the 201M sites, vSVLS104/201M00, had a smallplaque phenotype similar to that of the avirulent vSVLS00 strain and of the single 201M site mutant vSVLS201M00 ( Fig.  2 and 3) .
No differences were observed between the one-step growth curves of the parental strains, vSVLSJ1 and vSVLS00, and the site-directed mutants which showed an altered plaque phenotype, strains vSVLS104/201MJ1 and vSVLS104/201M00 (Fig.  4) .
Pathogenicity in pigs.
As in previous experiments with virulent and avirulent Japanese strains (18) , the clinical signs other than the appearance of vesicles at predilection sites were mild or absent. In agreement with a previous study (18) , vesicles were detected on the coronary band and/or heels of all pigs inoculated with the virus vSVLSJ1, which was recovered from the infectious clone of the virulent strain, but no vesicles were observed in pigs infected with vSVLS00, which was derived from the avirulent strain.
Pathogenicity correlated well with the large-plaque phenotype. Thus, lesions were observed in all pigs inoculated with viruses containing the P1/2A region (vSVLSP1J1), the 1C/ 1D/2A region (vSVLS1CD2AJ1), or just the amino acids at sites 104M and 201M (vSVLS104/201MJ1), corresponding to the pathogenic J1'73 strain. Conversely, no lesions were detected in pigs if these sites or regions corresponded to the avirulent H/3'76 strain, even though the rest of the genome was derived from the virulent strain. The only exception was a single vesicle at the site of inoculation site in one pig inoculated with vSVLS5'J1.
Seroconversion was detected in all pigs which showed clinical disease (Table 2 ) and in the majority of those that did not. When measured at 14 days postinfection (Table 2) not cause clinical disease. Some pigs inoculated with avirulent viruses therefore showed subclinical disease, but in others the viruses did not appear to establish infection since seroconversion did not occur.
Sequencing of isolates. For each group of pigs, live virus or viral RNA was recovered from epithelium, tonsillar swabs, or the feces of one or more animals, indicating that viral replication had taken place in some or all of the animals inoculated. To confirm the identity of the recovered viruses and to look for mutations or recombinations that might have occurred in vivo, representative isolates from each group were sequenced over the region of the genome that characterized their identity. In every case, the sequences derived from the recovered viruses over the region examined were identical to those of the clones used to infect them (data not shown).
DISCUSSION
This study examined the genetic determinants of virulence and of plaque phenotype in SVDV and the relationship between them. By exchanging genomic regions between virulent and avirulent strains, the region associated with both plaque phenotype and virulence was mapped between nt 2233 and 3368, encoding the C-terminal part of VP3, the whole of VP1, and the N-terminal part of 2A. The 5Ј-NCR, the P2 region other than 2A, and the P3 and 3Ј-NCR regions did not appear to contribute to pathogenicity since the virulence of chimeric viruses did not correlate with whether these regions originated from virulent or avirulent infectious clones. The finding that the 5Ј-NCR of SVDV did not affect virulence was unexpected. For other enteroviruses, this region is thought to be an important virulence determinant (20, 31, 33, 40, 51) since it contains the 5Ј-NCR, including the IRES, which regulates the efficiency of the initiation of translation (16, 39) . The only exception was a single pig which, after inoculation with vSVLS5'J1, showed a single vesicle at the site of inoculation site. This was not a sign of an increase in the virulence of this virus, which comprised the 5Ј-NCR of the virulent strain attached to the remainder of the avirulent strain, but rather confirms that pigs inoculated intradermally with avirulent Japanese strains of SVDV can occasionally develop localized vesicles (22) .
By site-directed mutagenesis, it was possible to map more precisely the determinants of both plaque phenotype and virulence to nt 2842, corresponding to VP1-132, and nt 3355, corresponding to 2A PRO -20. All viruses which had glycine at position 132 of VP1 and arginine at position 20 of 2A PRO , corresponding to the residues found in the virulent parental strain, had a large-plaque phenotype and were pathogenic for pigs. It is not clear from this study why mutations at both nt 2842 and nt 3355 were necessary to change the small-plaque phenotype of the avirulent strain to the large-plaque phenotype, while only a single mutation at nt 3355 was necessary to change the large-plaque phenotype to a small-plaque phenotype. It may be that (i) these sites contribute to plaque phenotype independently since the site-directed mutant viruses, vSVLS104MJ1 and vSVLS201MJ1, produced plaques which were intermediate in size between the two parental viruses (Fig. 3) and that (ii) 2A PRO -20 is the major determinant of plaque size.
The nature of the relationship between plaque phenotype and virulence has yet to be fully elucidated. In general, strains with a large-plaque phenotype are more virulent than those which produce smaller plaques, but the genetic determinants of the two traits do not always map to the same site as, for example, in coxsackieviruses (43, 52) . One hypothesis might be that virulent strains are able to replicate more rapidly in vitro to produce large plaques and in vivo to produce larger foci of cell destruction. This does not appear to be the case for the SVDV strains examined here, which all had similar one-step growth curves on IBRS-2 cells (Fig. 4) . Similar results were found with CVB3, in which viruses with different plaque phenotypes showed no significant differences in one-step growth (52) . Similarly for PV type 2, in which there was no difference in virus proliferation between a wild-type strain and recombinant or site-directed mutant viruses in cell culture (25) . However, for CVB3 (50) and PV (1, 26 ) the choice of cell line on which in vitro growth was examined was important and was related to the natural tropism of the virus. Cardiovirulent strains of CVB3 can be distinguished from avirulent strains by their preferential growth on fetal murine heart fibroblasts but not on the HeLa cells (50) . Likewise, neurovirulent strains of PV can be distinguished from attenuated strains by growth on a human neuroblastoma cell line (1, 26) . If such a cell line could be identified for SVDV, perhaps of epithelial origin, it might be very useful for distinguishing virulent from avirulent strains in vitro.
Residue 132 of VP1 is located within the loop connecting ␤-strands D and E (DE loop). The three-dimensional structure of SVDV was modelled (19) by using poliovirus and HRV14 (35, 45) . The 2A protease of enteroviruses contributes to several of the processes involved in replication: initial cleavage of the viral polyprotein at the junction of 1D and 2A (49) ; inhibition of host cell protein synthesis (24, 27) ; transactivation of translation (12, 30) ; and RNA replication (34) . The structure of the 2A protease has been well studied in PV (2, 47) . From these studies, 2A
PRO can be classified as a cysteine protease, based on the catalytic triad His-21, Asp-39, and Cys-110 (positions refer to the deduced amino acid sequence of SVDV J1'73) (14) , and their secondary structure is assumed to be conserved among all members of the genus enterovirus (53) . Residue 2A in SVDV is the amino acid adjacent to His-21. Substitutions at this site may therefore influence 2A protease activity, resulting in altered plaque phenotype and pathogenicity for pigs. In a similar manner, alterations in the nonstructural proteins of other picornaviruses are thought to affect virulence through their effect on host cell-regulated processes (10, 28) and, more specifically, neurovirulence of PV type 1 in mice has recently been mapped to the 2A coding region (29) .
Identification of the genetic determinants of virulence for SVDV will improve our understanding of how some strains of the virus can exist subclinically in the field and, possibly, lead to the rational design of attenuated vaccine strains. Residues VP1-132 and 2A PRO -20 are important determinants of both plaque phenotype and virulence. Further studies are in progress to determine their relative importance in virulence in vivo. But whether the virulence determinants in other strains could map to the same sites is unknown. Further work is also required to examine whether or not the two residues responsible for virulence in the Japanese strain J1'73 are equally important in other virulent strains of the virus.
